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ABSTRACT

"Twuenty-one constant current uwelds were made at DCRP currents
from 204 to 358 A. Three experiments were conducted where the
current was in the form of a very slowu sawtooth waveform from
200 R to 382 A over a period of SO seconds. Two low frequency
pulsed current welds were made using a 659 A peakK current and a
258 A base current at 50 percent duty cycles; at 38 Hz and 10
Hz . All welds uwere made bead on mild steel plate using constant
current GMAW equipment and argon + 2% oxygen shielding gas.
After welding, the platecs were cut, ground, polished and etched
with 12% nital solution to show depth of penetration.

The conctant current welds =stiowed that unliKe ite behavior in
GTRUW, renetration increases graduilly owver the current range
tested. Alzo, the growth c¢f the "finger” constituted nearly all
of the total rpenetration increacse indicating convective flous of
increasing masnitude. The ramped current experiments reinforced
the cbeservation that penetration increases gradually over the
current range examined. The weld rpocl was also observed to
fluctuate, slightly depress and firnally depress significantly as
the compound wortex s=tarted to form, formed comrletely and then
greuw stroriger. The low frequency pulsed gas metal arc welds
real ized very little penetration because the wire feed motor was
ot fast encugh and the torch had to be raised causing severe
arc spreading. (b
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I INTRODUCTIONN

1. Gas Metal ~arc Welding in Shipbuilding.

Welding is used in the shipbuilding industry almost
exclusively as the joining process of choice. Certainly, many
other industries use welding very extensively and the results
precented here will have arplications in those industries as
well. But this study has been directed +toward shipbuilding
where a wvery large fraction of the owverall construction cost of
a ship is the cost of uwelding. This cost includes the welding
toolse and consumables, but by the very labor-intencive nature of
the process, most of the cost is devoted to the employment of
sKilled welders. Welders can often represent forty +to sixty
percent of the workKforce in a large commercial shipyard. The
amount of gas metal-arc welding will vary from shaip class to
ship class and ship)ard to shipvard depending on such things as
the fixturing available, crane l1ift capacities and the details
of the =zhip desian. Electric Bcat Division «f General Dyriamics
at CGuansit Peint, Rhode lsland, is able to make externcsive use of
submerged arc welding in the conzstruction of submarines because
cf their "modular” ship design and extensive fixturing. But in
the construction of most ships, it is safe to say that gas
metal ~arc welding is a wery large fraction, if not an cutright
major ity , of the welding in terms of man-hours and consumables
expended.

The use of higher cstrerngth cteels such ac HY 188 and HSLA
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109 require more conmplex welding procedurec. These procedures
include pre-heat, post-heat and total heat input restrictions.,
The end result of thecse complicated procedures 1s more time and

effort expended by a more highly trained welder to join the tuwo

pieces of steel. Additionally, the welder must cften have
cpecial qualifications and weld much more carefully. Then, the
finished weld must be incpected and any defects or

irregularities must be ground out and welded again. It is easy

to see why such a process is time-consuming, labor-intensive and

expensive.

2. Automated Welding.

It i a worthy agcal to ceex to automate the welding
process , and in particular, the gas metal-arc welding process.
ldeally, wuelding machines or robot welders could wWworkK tirelessly
arocund the clock doing repetitive tazkKs with great accuracy and
cspeed. The efforts of human uwelders could be applied to more
complex and non-repetitive welding taske. Shipe could be built
more quickly and at less expence.

The trouble with this "pirpe dream" 15 that shipbuilding in
this country is not well-suited to automation. Ships are built
"$from the Keel up" and they are built "by svetem”. A ship is
built "by system" in that the hull is built Ffirst,. Then the
varicus svestems are placed into the hull. The electrical
distribution cvstem, the fire fighting system, the internal
communicaticn cystem, the propulesion cwetem, the ship control

8




system, the sanitary system, the compresse- air system, the fuel
system, the hydraulic system, the combat system and many more
csysteme are placed in  the hull. Obviously this is a
simplification since many of these systems must be in pPlace
before the hull is completed but the concert is wvalid. This
"build by system”™ concept often results in very little
repetitive wor¥x that can be performed cutside the hull. Most of
tthe welding occurs in the forms of welding of plates to frames
already in place and the uelding of systems in location onboard.
A "modular"” concept is much better suited for automated uwelding
and has many other benefits that are bevyond the scope of this
paper. In a modular desisn, the =hip is divided into “zones".
These zones are three-dimerncsiocnal piece of the cship that contain
all of the system compornents passing through that zone. The
Zones are constructed ac orne piece remote from the ship assembly
site, transported to that csite and then assembled to form the
ship. Cleverly designed zones will have a myr iad of
opportunities for repetitive uwelding that robot welders will be
capable of performing. Modul ar ship concstruction 1s the
standard operating procedure in Japan, Korea and many other
places over seac and is beginning to gain popularity in  this
country.

Even with modular =ehip concstruction, there are problems
with automated welding. Plates distort wuwhile welding them,
fit-ups are not perfect, Jjoints vary 1in width and depth, plate
thicknecsses vary and other, less predictable variations cccur in
the welding conditions. Automated welding sycstems for use in

38
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shipbuilding need to be adaptable. Systems are already in use
that can sense the :thanges in welding conditions and alter the
Wwelding parameters to accomodate these changes. These systems
and eystems like them, still under development, are capable of
makK ing changes in welding current, voltage, travel speed, torcn
height., arc len3gth or almost any other welding parameter using a
rule-based system to accomodate variations in the welding
conditione. Thece systems can make the appropriate chariges in
the welding parameters, provided of cource, that the aprropriate
changes are Knouwn. There are situations where human welders dc
not have easy solutions. Srecifically, tack weldse pose a

problem that is not easily solved.

3. TackKk Welde.

A tackK weld is a relatively short weld used to hold the two
pieces qf metal in place during welding <figure 1), It is easy
to cee that once the fit-up of tuwo large pieces of hull cteel 1c
performed, the shipfitters can not be expected +to hold the
pieces in place until a welder can join them. Tack welds are
used to hold the workpieces in place while +the welders work.
Another use for tack uwelds has to do with the thermal distortion
that occurs as a result of uwelding. Since the metal expands and
terids to widen the joint as welding takes place, tack uwelds are
used to prevent this distortion. For instance, on a long .,
straight weld! as the uwelder ctarts welding at one end, the
other end of the joint spreads apart due to thermal expansion.

10
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It may be impossible to weld these pieces until they cool if the
gap becomes tcoco wide, A tacK weld, or series of tack welds,
would prevent some of the distortion and allow the welding to
takKe place.

Tack welds are usually performed by the shipfittere incstead
of welders. They are often performed hastily with the idea that
a welder will soon cover this "tempoarary®” weld with the finish
weld that may involve ceveral passes. They may even involve a
different welding process, namely chielded metal arc (eticK
electrode) welding.

The #problem caused by these tackK welds is tuwo-fcld.
Firstly, the presence of the tackK ueld causes a discontinuity in
the welding process, The torch suddenly becomes closer to the
weldment. And the normal flows in the weld rool are disrupted.
Secondiy, the tack weld, in effect, becomes a thicker csection of
metal to weld. To deal with this protlem, the welder uwould
require increaced penetration and decreased metal depoccsition to
avoid an ursightly mound or glob where he welded owver the tack
weld. Thiz irregularity might cause the weld to fail the
qual ity control inspection. It uwoulcd then have to be ground out
and welded again? an expensive and time-consuming process.,
Befects at the leading and +trailing edges of the tack weld
{figure 2), caused by disruption in the weld pool flow are
common as well, These defects, discovered by non-destructive
testing NDT)> methode, may also result in the weld being ground
out and welded azain.

The purpose of this effort thern, ic to examine a method of

12
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Figure 2, Longitudinal cut through a tack uweld showing defects.
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dealing with tackKk welds that could be employved by an automated
welding system. This method employs a rernetration mechanism
Know as the compound vortex. At the outeet, 1t chould be stated
that although insight has been gained as a result of the
author 's workX, the method envisioned as a means of dealing with

tackKk welds, was largely unsuccessful.

q. Compound Yortex.

The next chapter of this paper deals with the fundamentals
of gas metal —arc process and the variables involved. Since it
is a chapter <hat may te sKipred by the reader uho i familiar
Wwith the process, a brief description of the compound vortex is
warranted here.

1f the weld pool was axizymmetric, ma3netohydrodynamic
thecory predicts toroidal flou. That i3, flow parallel and
perrendicular to the axis of the arc. Thece flow ratterns
called "thermo-capillary" and "diffuso-capillaryj are described
in chapter tuc. The circumferential flow would be wvery small.
Real weld pools are not axisymmetric, tiowever , and the
circumferential flow tbecomes significant above a certain
threshold current. Lin and Eagar [1] demonstrated that cbserved
weld pocl depressions 1n z3acs tungsten-arc welds could not te
explained by arc pressure alone. High <cspeed photograprhy of

oxide particles on the surface of the weld poocl showed angul ar

velocities zbave tuenty radians per second. The centrifusgal

effect of thie motiocn cauzes a cavity in the center of the weld

14
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pool. This allows the arc to impinge the weldment at a point
below the surface. The result is a significant increase in
penetration. The compound vortex ie characterised by a region
of constant angular velocity in the center {forced vortex),
surrounded by a region of constant angular momentum (free

vortex). A diagram of the compound vortex model is shouwn as

figure 3.
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II. THE PROCESS AMNO VvYARIABLES OF

GAS METAL —ARC WEL.D IMNG

1. Background.

In order to examine the process and wvariables of Gas
Metal -Arc Welding, what is first required is a description of
the process and an idea of how 1t differs from other Joining
processes., First of all, welding is a Jjoining process used
almost exclusively on metals, where the edges of +the tuwo
uworkpieces are melted or fused together. Arc uwelding is the
subset of welding Frrocesses that uses an electric arc to provide
the heat rieeded to melt the metal. The first electric arc wuwas
struckKk ocver one hundred and seventy years ago by Sir Humphrey
Bavy in England. He described his experiment as follouws: "When
a current was zent bty 1000 double plates, each 4 inches square,
through potassium vapor between platinum electrodes, over a
nitrogen gas, a wivid white flame arccse. It was a most
brilliant flame of from half an 1nch to one and Aquarter inches
in length." (21 But it was not until eighty vears later that
Nicolas Benardos and Stanislas OlszeuwskKi patented a process that
fuczed metal by striKing an electric arc between a single carbon
electrode and the metal uorkpiece. In 1332, Slavianoff proroced
that a consumable electrode be uced in place of the carbon
electrode. Modified versions of *this welding by stick electrode
are still in use today.

Gas metal -arc welding ic a welding process where the heat

P |



required for fusion is provided by an electric arc struck
between a consumable metal electrode and the workpiece. The
electrode is & bare metal wire coiled on a spool that is fed at
a measured (usually constant) rate to the torch uwhere 1t makes
electrical contact with the rpower csupply. Thue the current
flous from the contact in the torch, throuszh the final inch or
two of the electrode, to the arc. The molten metal in  the arc
and the molten weld puddle are protected from the atmosphere by
a gas such as argon, hel ium or cartion dioxide which currounds

the arc and blankets the puddle. Otheruwicse oxygen and nitrogen

* from the atmosphere would readily combine with the molten metal
and result in a weakK, porous weld. (21

Industry embraced arc welding as a marvelous innovation and
began using it with very little understanding of houw it worked.
1t was enough for industry to Know that it did work. Much uork
has been dore in this century to determine what variables affect

the firnal weld and in uwhat ways. Some of the impartant results

cf this uwork ecspecially in the area of gas metal-arc welding

will be summarized in this charpter. Before that can be done,

some discussion of the process wvariables ie required. This

n.4

discussion will first cover electrode melting rate, metal

transfer and welding equipmer.t. Temperature distribution

equaticns have been used to approximate the fusion zone and
thece will be discussed next, Finally, the current theories on
weld pool motion and its effect on rpenetration and weld bead

geometry will be explored.
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2. Electrode Melting Rate.

There are tuoc major sources of heat that contr ibute to the

melting of the consumable electrode. [31 Firstly, heat 1s
generated at the tip of the electrode. Most gas metal ~arc
welding is performed with the electrode positive (DCRP). In

this case the electrode is the anode. Total heat transferred to

tthe anode QA is

@p = Qcp *Qcy *OR *UE

where GCD is the heat transferred by conduction, QCV is the
heat transferred by conwvection, QFQ is the heat +transferred by
radiation and QE is the heat transferred by electrons impacting
the anocde. Sanders and Ffender [3]1 found that heat trancsfer due
to the electrons impacting the anode uere recsponsible for up to
85 percent of the total heat trancfer. They further described

O~ azs follous:

£
Gp =1 ¢ SKT/Z + U +¢) >

where SKkT./2e is the electron thermal energy, U is the potential
drop across the anode region of the arc, called the "anode fall"”
and q5 i¢ the poteritial energy surrendered by an electron wupon
entering a metal, called the electron "workKfunction." The size
of the boundary laver at the anode and the magnitude and cshape

of the anode fall in this region is the subject of come debate.

18
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[(5,8,10) The region under dicpute is so small and +temperatures
so high that complete understanding of these rhenomena is not
currently available. But 1t ic generally agreed that the bulk
of the heat is carried by the electrons.

The second major csource of heat occurs as a result of the
electrical resistance heating caused by the current Fpassing
through the electrode.

Lesnewich [4]1 showed that heating due toc radiation from the
weld poocl and the arc is neg{igible. Heat conducted by the
molten tip of the electrode to the electrical contact point and
then lost through conduction is also negligible wunder most
welding conditions. (31

Now that +the +two major csources of heat have been
identified, it is left to examine the factors which affect them.
Anode heating is affected by the current and electrode diameter
tut not the electrode extension. The melting rate due +to
electrical reziztance heating is proportional to the electrode
resicstivity, extensiaon and current csquared but inverczely
proporticnal to 1ts c¢Crocss-sectional area. Electrode melting
rates are generally independent of the shielding gas. (4]

Lesnewich studied aas-shielded metal-arc welding erimarily
using commercial mild-steel welding uire. 41 He determined
that the contribution of anode heating to the electrode melting
rate could be determined by measuring the melting rate at
various electrode extensions and extrapolating the data back to
an extension length of zero. Figure 4 shows a typical plot of
the effect of electrode extension on electrode melting rate. At

29
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zero extension, heating due to electrical resistance would be
zero and the melting rate would be entirely due to ancde
heating. Lesnewich found that the melting rate due to anode

heating, Ma, could be expressed ac:

Ma = Cal

wuhere Ca is the ancde heating coefficient and I is the current.
Ca is related to the anode drop and the electrode work functicn.
It was shown that Ma is independent of arc length and electrode
extension. The anode heating coefficient ics dependent upon the
specific heat of the electrode and its diameter. Figure S5 is a
typical plot of anode melting rates as a function of current.
The woltage required to force current throuah a conductor

is given by Chm's lau.

VQ = pr./’ﬁxl

where?! ﬁ)= electr ical resistivity

L = conductor length

A = cross-~sectional area of the conductor, and

1 = current flowing throush the conductor.
Electrical resistigkty ie strongly dependent on the +temperature
of the conductor. This wvoltage drop, VR times the current
flowing through the uelding electrode, [, iz the heat energay due

to the electrode's recistance, HR .
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Hp = Dx LA x 1€

The equation for the melting rate due to recsictance heating can

be simplified to the form:
2
MR = CQLI

where CR is a constant of proportional ity that is dependent

upon electrode diameter and the electrode resicstivity. (4]

Table 1. Values for CR for various diameters of a mild steel

electrode [41].

R
Diameter f(in> in/{min amp2 in) i1bs(hr ampZ in)
9.030 268.0 x 18+-4 313.8 x 16t-6
8.045 42.1 % 19+-4 114.8 x 10t-6
a.862 19.5 x 10t-4 54.7 x 101-6
8.0383 1.8 x 106¢+-4 13.2 x 18t-6

Lesernnwich found an exponential relationship between the
cross-section area of the electrode and the resistance heating

coefficient, CR , as followe?

263 x 103 -
Cp = — {1b.hr in Amp< )
AI.Zc
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This equation and the equivalent expPression for the anode
heating coefficient were combined to prowvide an empirical
equation for the electrode melting rate for direct-current
reverse-polar ity gas metal arc welding with a mild cteel
electrode.

/ 3.60x108 L 12 ,
"Rp = (0:017 +O.57A>I + N b

It is worthy of note that arc lensgth has very little effect on

melting rate as shouwn in Figure 6. (4]

3. Metal Trans<fer.

Metal from the constumable electrode is transferred to the
weldment when the electrode i1c melted and drors of metal fall or
are propelled through the arc to impact the weld pocl. Or , in
the case of short-circuit transfer, metal 1s transferred uWhen
the electrode extends and comes in contact with the weldment.
The resulting chort-circuit and ascsociated rise in current A
through the electrode caucsec the tip of the electrode to melt
off. This "short-circuit” or "dip* mode of +trancfer, although
very useful in many applications, realizes little vpenetration

and s¢ will not be discusced in any depth in this chapter.
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To cause the metal drors to travel across the arc, forces
must act on the drops. The nature and magnitude of these forces
have been the subject of some study. [(2,6,7,8] A drop of molten
metal is suspended from the tip of the electrode bV surface
tension. Surface tension is on the order of 12080 dynes/cm (3]
for mild steel. In the caze of a 1168 1inch (B8.16cm> diameter
electrode, this force would te about 608 dynes. This force must
be overcome in order for the drop to travel across the arc. The
force due to gravity iz an obvious candidate. This force ts
equal to the volume of metal in the drop times the mass density
cf +the molten metal (7.8 43/cmt3 for cteel? times the
acceleration due to gravity <3980 cm/=%2). For a spherical drop
of radius 2.1 cm this force equals 32 dynes., It would take a
drop over half a centimeter in diameter to overcome the 608 dyne
surface tension force. In fact, the foarce due to sravity could
tke concsidered negligible for drops =maller than the diameter of
the electrcde. Theri there are other forces acting to propel the
drorpszs of molter wa2tal from the electrode to the weld poal.

Two conductors carrying current in the same direction are
krown to attract each other. 1f the electrode is consaidered a
bkuridle of current carrierc there uwould be a force attempting +to
reduce the electrode’'s diamater. This force would not have a
cignificant effect on a colid metal conductor but near the tap
cf the welding electrode, the conductor is in transition betuween
1tz =s0lid ztate ana ites molten state. Thise electromagnetic
force tends to "pinch” cff a dror and a3ive an axaial impulse.
Reducing the diamzter of the electrode has the added effect of

27

A\ 4

-

N




R _&

-~

"‘

reducing the magnitude of the surface terision force, Thas

force, often called the "pinch effect", acts inderendent of the

polarity of the electrode. The total axial force 1st

where I = the current in e.m.u. When the current is 308 ampere

(30 e.m,u.) the force equals 450 dynes. Fi3ure 7 shcuws that the

electromagnetic force reduces the surface tencion ard

concentrates the pinch effect. Consequently, a drop 1is pinched

off along AR and iz givern an axial component of acceleration,

The drop then travels acrcss the arc and impacts the weld

pool at speeds that exceed gravitational acceleration alone.

Macsubuchi points out that a drop fallin3 under the 1nfluence of

gravity along a diztance of (.4 inch uwcoculd achieve a cpeed of

only 0.84 inch.,s. [3]1 On the other hand, Jackson cbserwved drop

cpeed: of 1S to S ipz as shown in figure g. {91l Thais graph
shows: the drop :zpeed decreasing as drop si1ze increases ., The
Knee of the curwe occurs at a drop diameter of about @.@3 - 9.08
inches . It will be showun cshortly that wvery zmall drops

‘diameter < QA.,Q3 in) are transferred to the weld rocl in the

"sprav® mode o¢f transfer instead of the "glcebular" mode. Figure

3 zhowz *that as welding current 1s increased, a rather dramatic

change cccurs at abcacut 2SS0 amprere. lLesnewich found that ueing

reverce-polarity BC, with argon and 12 oxyvgen as the cshielding

3as, a "transition current" could be 1dentified. At welding

currernts lowar than the transi1taicn current , large drcres «f
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molten metal would be suspeneded from the end of the electrode
until they "fell"” toward the ueld pPool at a rate of only af feuw
drope per second. Abowve this current, the metal was transferred
i a "spray” -f tiny drops at a rate cof over 289 drors per
cecond. Drops smaller than about 0.0085 cu.in. are transferred
in the spray node. This equates to a drop diameter of about 8.09
- 0.19 inchecs, or the Knee of the drop velocity curve (fig. 8).

3pray transfer is desirable for greater penetration,
increacsed arc stability and the fact that it allcus overhead and
out of position welding. The +transition current is not a
constant. 1t is dependent on many parameters including
electrode composition, polarity, diameter and stickKout length.

Tattle 2 lists the transition current for steel and aluminum
electrodes of various diameters. Figure 10 shous the
relationship betuween electrode diameter, stickout length and
transition current for mild steel electrodes, under the wuwelding
conditions cf DCRP and arson + 17 oxy3en. The transition
current for aluminum 1is less than that <for csteel and it
decreazes with smaller diameters and longer stickKouts.

Lesnewich {71 propocsed the follouwing equation for

trancsition current:

1 =60 +« 39900 0D - 38 L

where I = transition current in ampreres
D = electracde diameter in inches
L = electrode stickout in inches
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TABLE 2.

TRANS ITION CURRENTS FOR DCRP

ARCS WITH STEEL AarNDO AL UMI U

ELECTRODES cC=1

Diameter Trancsition Current (Amreres)
i Steel Aluminum
8.8 106 80
1.2 150 100
1.6 2909 135
2.4 3235 185
3.2 4Q0 235
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Another transition cccurs at even higher currents.

Lesneuwich found that above a certain thresheold current, the tip

of the electrode is bent and rotatecs around the axils of the

electrode. This mode of metal transfer is called "epiral" or

"rotating” spray. It recsults in much spatter and is not usually

desirable. Lesnewich [71] proposed the follouwing formula for

transition from axial spray to rotating spray?

DC
I = 25 4 1350 D + 14.95 x % 10
L
where 1 = the louwest current at which rotating spray is
produced, in amperes
0O = electrade diameter in inches
L = electrode stickout in inches

Figure 11 shous the relationship betueen the two transition

currents and electrode sticrout for three electrode diameters.

q. Welding Equipment.

At this point, some dizuccsion of autocmatac gas-meta. arc

welding equirmert is needed. The chielding gas, the consumable

electrode and the electrical power muet be provided to the

welding torch in a cocordirnated fashicn., The chielding 3as is

usually provided by cylinderse of comprecssed gas resgulated to the

des ired pressure and flow rate. It iz chanrieled by means of a

3as line to the taorch uwhere i1t csurrounds the arc and covers the
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molten weld pool. The consumable electrode is lead from a large
spool across motorized rollers which push the wire throush a
conduit to the torch. The uwire feed cpeed may bLe constant or
var iable depernding on the control system. In its simplest form,
the uwire feed speed 1is set before welding and is maintained at a
constant rate throushout the process. Some synergic control
systems adjust uWwire feed cpeed &s a meanse of compensating for
variations in the joint tc be uwelded. (121 At the +torch, an
electrical contact provides current to the electrode. A balance
miust exiest between uwire feed speed and electrocde melting rate or
the electrode would feed to quickly, piling up in the weld pool,
or too slowly causing burn-back and damasing the torch. To
provide this balance, a constant woltage cource is wused. The
potential drors in the leads and torch are fairly constant and
once the arc i estatlistied and the placsma is near come
qQuas i-equilibrium, its potential drop depends only on arc
lerigth. So a constant voltage means a constant arch lensgth far
a given current. The pouer source adjusts the current to
maintain a siven arc length (i.e. arc voltase),. If the arc gets
toco short, for & given torch heisht the stickout will be greater
and this increacses the electrical resi1stance heating which
cshortens the stickout and lengthens the arc. Simultaneously the
shorter arc causes the pouwer source to increase the current and
this cauzes the melting rate to increase. 1€ then the arc
length btecomes too long, these procecsses reverce to decrease the
melting rate and increase the arc length so that a canstant arc
length is maintained. The most common set of welding conditions
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for gas-metal! arc welding of steel is DC reverse polarity
(electrode positive) current with a shielding gas of argon plus
emall amounts of oxygen. [131

In an experiment, welding a steel plate with & 0.@45 in.
cteel electrode using DCRP and argon plus &2 oxygen as the
shielding gas at a flouw rate of 40 scf/hr, the welding wvoltage
was set at 30 volts. The uwire feed speed was set at 248 inches
per minute because it was Known that this would result in a
current of around 220 amperes, a value very near the +transition
current. What resulted uas a demonstration of the transition
current and the manner by which the welding machine maintains a
constant arc length. The metal transfer would be in the spray
mode and the arc would beccome a little toco long. The recsulting
reduction in welding current would cause the metal transfer mode
to switch back to globular. The the arc would become too short
and the increase in current uwould cauze spray trancsfer &again.
The arc switched bacK and forth between globular and spray for

the entire lerigth cf the weld.

S. Prediction of the Fusion Z2one.

The weld metal is defined as that region of +the weldment
that has melted and resolidified during the welding operation.
The fusion line is the boundary betueen the weld metal and the
zone of metal, severly heated but not melted, called the heat
affected zone. An izotherm of temperature equal to the melting
temperature of the metal would exactly deczscribe the fusion line.
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Unfortunately, the heat transfer mechanisms at workK in this tiny
region are not completely understood and an accurate description
of this itcsotherm has so far eluded investigators. f.lthough
Christencsen [11] and Eagar [14) have made much proagrecss in this
area recently.

Christencsen, Davies and Gjermundsen [11) generalized +the
temperature distribution equations deveoloped by Rosenthal and

others. They developed the dimensioncslecss coordinates:

N o= VX

AN 4

L// VY

—2(1

f' Z

CX

VR

P = 34

where V = travel czspeed

%,vy,z) = Cartesian coordipates moving with tte heat source

17
2

R = (xZ +y2 z&

QX = average thermal diffusivity

Similarly, the temperature rise was rendered dimensicnless.

(9__ To=-Ts
m~ o
where Tm = melting temperature of the metal i1s chocsen as the
reference temperature
33
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Finally, they defined an operating parameter, n, such that

: Q v o
ATty (Ta—T)

cspecific heat

where c
Y

These terms uwere introduced into the Rosenthal equation for

cpecific gravity

point heat sources moving across the surface of a scemi-infinite

body ¢
. Q I . (a.ix
T-7, = —m —¢ A
2TTK R
where K = thermal conductivity = (¥ (density)dicpecific heat)

The result was:

’

PN

>

o
n 0

Plots of consgstant 8,/n in the range Q,.001 to 100 are cshouwn

in figure 12. Large values of 8./n indicate a hisgh intens 1ty
heat scurce and low weld speed. Small values of 8./n indicate a
low intensity heat source and a high weld srpeed. The fusion
line is located where 8 = 1. The coordinates of the greatect

width of any izotherm in terms of the radius wvector are given

\_J

by: - L)Z
N, = e
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Plots

cf constant dimernsionlecs

the ocrperating rparameter (8./n).
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A direct relationship ics given between the operating parameter

and ﬁ%

n-a. e g o)

3
3
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The semi-circular contour predicted by these recults was
not borne cut in Christensen's experiments. These temperature
distributions were determined to be accurate at ranges far from
the source but did not adequately predict the fusion line, +the
scatter amounting in some caces to a factor of two. Christensen
did houwewver have good results in predicting fusion zZone
cross-secticnal area. Fart of the protblem in predicting fusion
zone shape iz that the fusion zone is not large compared to the
heat source, the welding arc, as ascsumed in Christensen's
theory. Eagar and Tezai [14]1 achieved better results modeling
the heat szource as a Gaussian curve inttead of the rpoint source
assumed by Christensen. Eagar and Teai had gocd results in
predicting fusiocon zTone area and width but experienced
coneiderable error in predicting depth. This was partly becaucse
of the semi-infirnite plate assumption. The rest of the error 1is
a rezult of depression of the =surface of the weld puddle by arc
forces and convection in the weld pool. These mechanismse were

not concsidered in the models proposed by Christensen and Eagar.
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6. Penetration Mechanisms.

Heat flow models fail to adequately descr ibe the shape of
the fusion zone bcause they do not take i1nto account convective
flous in the weld puddle, The molten metal is deprescsed by arc
pressure and metal dropletse impinging the surface. Radial and
circumferential flowuse are established in three dimensions.
These flow patterns are responsible for the deep “"finger"
penetrations observed as well as other oddly shaped fusion
zones .,

Ecsers and Walter (151, using a specially-designed
rlasma-GMA welding torch and a wuwater-filled <calorimeter, were
able +to icolate and meacure the heat +transferred to the
workpiece by each of the three major sources of heat. They
found that, of the total heat transferred to the uworkpiece, 349
($¢3%) was transferred by convection, radiation and conduction
from the arc, 41X (43> was transferred by the passage of
current through the workpice and 2% (4%S) was transferred by
the drops cf molten electrode. They alsc found +that although
heat from the electric arc accounts for about 75 of the heat
transferred to the workpiece, it can have only a very limited
influence on depth of penetration. High speed cinematogrphy
showed that each metal drop derpresces or indents the surface of
the weld poocl. I1f the arop frequency is hisher than about 200
Hz, the indentation does noct have an opportunity to refill
before another drop strivkes it. So the drops impact the came
small crater and the heat carried by the drops is +transferred
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efficiently to the bottom of the weld poocl [151. To increase
penetration, f x ¢ (frequency x momenium), &r total momentum per
second, should be increased.

Other researchers such as Mills (161 and Ishizaky [17] have
aleo found that weld pool effects are most important in
determining fusion 2zone share.. The flow patterns of the liquid
metal in the weld pool determirne the depth and shape of the
fusion zoane. If cne were to tarKe a buckKet filled with water and
direct a garden hose "jet® downuward at the center of the bucket,
one wculd observe the water to flow douwnward in the center,
upward along the sides of the bucket and radially inward at the
surface. 1¥, on the <other hand, a distributed "epray" uwas
directed at the surface of the water in the buckKet, the bottom
would be undisturbed. Likewise, Mills found that a constricted
heat socurce establicshed a circulation that travelled downward at
the center, radially cutward along the bottom, upward at the
sides &and radially inward at the surface. This circulation
pattern causez much deerper penetraticon than circulation that
travels radially ocutward at the surface. “The latter can be
establicshed by a more distributed heat source. IehizaKi found
that lornger GTA arcs, subject to more spreading, resulted in
much more cshallow, broader fusion zones. And shorter, more
constricted arcs pr;duced deeper and narrcower fucsion zones.

A more recent gtudy conducted bty Oreper, Eagar and Szekely
{18 discussed three csources of convective flouw. Bouyant
convective flow iz caused when the warmer, lecss dence metal in
the center of the weld pool rises and the relatively cooler,
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denser metal at the fusion line sinks to the bottom of the ueld

pool (diffuso-carillary flow). Electromagnetic convective flow
is caucsed by the diverging current path in the weld puddle.
establishing a magnetic field which interacts with the current
and results in ? x § (Lorentz) forces. These Lorentz forces
caucze convective flow dounward in the center, urward at the
fusion line and radially inuward on the surface Ythermo-capillary
flow)d. And surface tension driven convection is a result of the
shear forces establiched by the temperature gradients. If +the
surface tension increacsec with temperature, as in +the case o«f
pure iron, diffuso-~capillary flow results. If some impurities
exist in the iron and the surface tencion decreases with
temperature, thermo-capillary <flow results. Thermo-capillary
flow {dounuard in the center)> recults in deep penetration
whereas diffuso-capillary flow rezults in wide, =hallow welds.
In the cacse of arc welding, bouvant forces are wvery small
compared to electromagnetic and sur face ternsion forces. When
the electromasnetic and surface terncsion forces act in opposite
directiones double circulation loops can develop. Oreper 's
finite elements model showed thece double circulation loocps and
caemputed the magnitude of their velocities.

Lin and Eagar [1) observed depressions of +the wuweld pool
surface cver 4 mm deep and showed using calculus of wvariations
and measured values of arc pressure that arc forces alcne could
not cause depressions of that magnitude. The model showed +that
arc precsures could depresc the molten creel surface only about
1.3 mm. High speed Frhotograrhy of oxide particles on the
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surface of weld pools shouwed circumferential vortex motions in

the liquid.

second were

theoretical

Angular velocities between 20 and 30 radians per
observed and 300d correlation was ocbtained btetueen

depressions caused by such angul ar velocities and

actual weld pool derrecsions. Lin's "compound vortex" model is

shawn schematically in figure 3.
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7. Summary .

aadild.

The important wvariables in gas metal -arc welding affect

Erocecse in the following ways [22)¢
An increase in~-- will cause--
welding current 1> an increase in
2) an increase in
weld width.
arc voltage 1) an increase 1in

2) an increase 1n

il

melting rate,

penetration and

weld width,

increase

3) possibly & slight

increased heat

penetration due to

input. But spreadirng of the arc

due to its increased length tends

toward lecss penetration.

electrode extension 1) an increase 1in

melting rate,

2) pozsibly lecss penetration

case where excessive melt-off

impirnge the

causes the arc to

weld pool instead of base metal.

electrode diameter 1) a decreasze in melting rate,

- 2> a decrease in penetration due to

decreased current density,

3) an increacsce in

weld width,

4) possibly problems

2=

a "wandering arc”.

nelding zpeed 1) a decreacse in
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III. PREYVY IOUS WORK

1. Compound VYortex in GTRW.

Chihoski (251 found that in gas tungsten-arc welding,
renetration in =steel increased gradually as the welding current
was increased for currents below 200A. Then, in  the current
ran3de 208 to 300A, a large increase in penetration was observed.
Above this, very little ircrease in renetration was observed
from 308 to 450A and a gradual increase again for current above
450A. Lim [1) attributed this increase in penetration +to +the
formation of a compound vortex and the resultant surface
depression. Figure 13 shouwes the surface derpression Lim found in
his wor¥ on GTAL of steel. In the current range 276 to 30BA, a
compound vortex formed causing & markKed increace in depression
cf the weld pocl. Upon reducing the current, bLim found less
current was required to mainta;n the vortex than to establish
i1t Kolodziejczaw [261 argued that in the current region 300 to
450", penetration remained constant tecause the weld pool had
already been depressed by the wortex much more than arc pressure
could, =0 the current i1z being conducted intoc the sides of ‘the
cavity and there is insufficient heat delivered to the bottom of
the cavity to cause further melting. Abocve 45S0A, arc Pprescsure
begins to dominate az the primary csource of ueld Fpocl
deprecscsion. Since arc pressure increases with current,
penetration also increasecs.,

This narrow current regian causing a larse increase in

as
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Figure 13.

Plot of surface depression versus current observed
by Lim. [11
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penetration provided hore that this ptenomenon could be employed

in some manner to Yield high penetration welds with low average

currert.

2. Pulsed GMAW.

Kolodz iejczax [26) studied pulced gas metal-arc welding and
the effects of warious pulsing schemes on penetration and weld
bead gecmetryv. A representative plot of current versus time for
pulsed GMAW is cshown in figure 14. High peak current levels can
be used in pulcsed GMAW while maintaining lower average current
by using a low bacse current. The louer average current results
in lower heat input and lesse metal deposition. To take
advantagse of the compound wvortex, the peak current must tGLe
higher than the threchold current and the duration of the peak
must be longer than the time required to establish the wortex.

Mo=t of KolodziejczakK's workK uas done at frequencies uwhich
were too high to allow adequate time for the Fformation of the
vortex. KelodziejczakK sought to exploit other apparent
resonances in uweld pocl motion 1o achieve larager penetration

values.

3. Goal.

The goal of this work, then, was to determine:
a) if the formatiaon of a compound vortex
resulte in the same dramatic increacse 1n
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penetration in GMAW as observed in GTAW,

b)) the threshold current for ecstablishment

o0f a compound vortex inm GMAW of steel,

c) the time required +to establish the

vortex at currents above the threshold, and

d) a methodocloay for employment of these

findings to result in weldes of increased

penetration with little or no increase in

average current,
The last point is consistant with the cverall goal of a method
to deal with tack welds that could be inplemented by an
automated uwelding system.

It was disapprointing that thic goal could not be met. 1t

will be showun that a compound wortex affects GMMAW penetration

differtly than GTAW penetration.
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IV . EXPERIMENTAL WORK

) Exper imental Apraratus.

All the welds were made by a cstaticnary torch on movaing
plates. The plates uere clamped to a water-cooled copper table
moving at a constant travel speed perrpendicular to the ax1s of
the torch. (See figure 15.) Power was prouvided by two rparallel
Miller Gold Star 600SS pouwer csuprlies through an Alexander Kusko
20rHz current regulator. A function generator cent a wvoltagse
signal to the current regulatoer which magnified the cignal oy
109 amperes per volt and provided the current +to the weldins
torch. The vaoltage signal was aleo patched to am occilloscore
co that the =ignal could be viewed and adjusted before uwelding.
All uwelds were performed with direct current, electrode rocsi1tive
(DCRP).

Mild csteel wire (B0.045 inch diameter)> was provided from an
cverhesd reel by means of a low inerti1a electric motar
caentrolled by & lagic circuit bacted on arc voltage feedback.
Birect contrcol of wire feed speed was not possible, =o it was
measured with a tachometer at the drive wheel . Cocaling water
was required for the current regulator, the mowving copper plate
and the torch. The shielding Jas Wwas argaon with 2V, oxyvgen
praovided at & pressure of 38 psig and a flow rate of 3@ standard
cubic feet per hour.

The arc length was maintained at 8.5 inch for all of the
constant current welds. An cptical syvstem allowed viewins of
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Figure 15. The experimental apparatus.




the arc while welding. Once the welding began, the torch height
was adjusted to bring the arc length toc 8.5 inch. The optical
system consicsted of a Melles Griot S mld He-Ne laser spread tc a
2@0mm team illuminating the arc &and providing background light.
A series of filters and lenses including a neutral dens ity
filter and a wariable aperture, adjusted the ratio of bacwkground
light to arc lisht. An RCA MewVicon color video camera then
cent the resulting picture to & small video monitor in wview of
the orerator.

Three cete of exveriments were conducted on this equipment.
The rationale behind each set of experiments will be discussed
in chapter five. bilhat follows here is a description of the
exper imental procedures. The three cets of exper iments
caenducted were constant current experiments, "ramped" current

exrer iments and louw frequency pulsing experiments.

2. Constant Current Experiments.

A total of tuwenty-cre welds uwere made , bead-on-plate, on
1918 cold rolled 12" % 4.3”" »x 3/8" mild zteel plates at a travel
cspeed of 10 inches per minute at varicus currentse betueen 209
and 258A8. Five or zix welds were made on each PpPlate after
cooling the plate to ambient temperature betuween welds. The
weldz were each eight or nirne inches larng.

Three transwerze cuts were made in the central region of
the plates, away from the beginnings and ends of the welds. The

three crocs-sectionz were ground, poliched and etched with a 12l
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nital solution. Three serarate penetration measurements were
made for each weld and the results were averaged. Each
measurement had an accuracy of about 0.25Smm. Tattle 3 sticws the
current, voltage, torch height and overall penetration for each
of the welds. Dur ing the second grour of welds, the wvoltage

meter was inoperative.

3. Ramped Current Exper iments.

Three welds were performed with the current "ramped"” from
208 to 388A. The signal generator was adjusted to provide a
very clow sawtooth waveform such that only ocne full cecillation
would be completed over the course of +the wuweld. Since the
travel cspeed was maintained at a constant 10 ipm, the welding
current would be Knouwn at every point along the uweld. The rlot
of current versus time (also current versus distance) ie  shouwn
in figure 16. Maintaining the arc length &t any given value wWas
not pocsible for thece welds. The increasing current and a more
or less constant wire feed zpeed reculted in less stickout and,
consequently, longer arces at hisgher currernte. These welds were
made , tead-orn-plate, on 1013 ccld rolled 12" x 4.3" »x 378" mild

cteel plates as before. Thece plates were cut longitudinally,

O
‘ hcuever , toc reveal the cernterline o+ the weld at all points
alon3 the length of the weld. The rFlates were ground, Folished
and etched uwith a 12¥ nital solution. The results of thece
®
exper iments will be dizcussed 1n chapter five.
6
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Table 3.

CONSTANT CURRENT EXPERIMENTS

-.. .

&

Weld Current Voltage Torch Height Penetration
No . (Ame s ) (Volts) (cmd <mm>
1-1 251 31.8 1.4 3.1
t-2 2735 34.4 2.1 3.4
1-3 301 36.0 2.9 3.6
1-4 321 35.6 1.9 4.4
1-95 23% 34.6 1.7 4.1
1-6 268 35.1 2.6 3.4
1-7 328 36.2 1.6 4.2
1-8 311 35.4 1.8 4.9
1-93 2895 25.5 eg.e 4.1
1-10 261 32.4 3.4
1-11 243 31.4 1.9 3.1
2-1 308 1.7 4.1
e-2 224 1.% 2.9
2-3 328 1.4 4.4
2-4 348 1.3 3.7
2-5 273 1.7 3.7
2-6 217 1.7 2.6
2-7 358 1.2 4.1
2-8 341 1.3 4.3
2-8 236 1.7 2.8
2-1a 204 2.1 2.4
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Figure

16, Plot of sawtcoth waveform uced in ramped current
exper iments .
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q. Low Frequency Pulsing Experiments.

Two final welds were conducted using wvery low frequency
Fulsing. These uwelds were made, bead-on-plate, on 1818 cold
rolled 12" x 4.5" x 3./8" mild steel plates just as Ltefore. The
peak current was set at 6506A and the base current was set at
200A with a S0 percent duty cvcle. This resulted in an average
current of 425A. Initially the torch height was adjusted to
render a voltage of 36Y and the travel speed was set at 17ipm so
that +the total heat input would be less than SS KJ/in,.
Unfortunately, this resulted in burn-back and severely melted
the copper contact tip incide the torch. Raising tte torch
allowed welding to proceed but the results uwere unsatisfactory.

The two welds were at 30Hz and (OHz. Traces of the current
versus time for these welds showed that the current dropped wuway
off at the beginnirng of the pulse without ever reaching 6S0A and
besan to reccver near the end of the peak pulse. Indications
were that dvnamic interactions between the inductance of the
rpower supply and the capacitance of the current regulator may
have been recponcsible for the problem, Foelodziejczak (261
experienced similar protlems on the same equirment. Time was
rot available to itclate the probilem and correct it in order to
cornduct the exper iment owver. The extreme torch height made this
an infeasible method anyway, due to extreme c=preading of the
arc. A higher cpeed wire feed motor would have been required to
lower the tarch to a reascnable height without burn-back. A
higher speed moetor was available but it was incompatible with
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the current regulator which was required to gerierate the square
wave pulsed current. For these reasone the experiments uwere not
conducted again.

As uwelded, the peretration was very minimal, averaging only
1.25rmm. Yo avoid stubbimg and burn-back with the torch at a
reasonable height, a very responsive, high speed wire feed
motor, with arc woltage feedback control wruld be required. The
difficulty arises from having such a large var iance between the

peak and bace current values and welding at such low

frequenciecs.
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e RESUL TS AMND DISCUSS 1001

1. Initial Objectives.

The first two objectives stated at the end of chapter 3
were the determination of whether the compound vortex results in
a substantial increase in penetration and what threshold current
is required to establish a compound vortex in GMAW. In order to
accomplish theze objectives, tuenty-cne constant current welds
were made. The resulting penetration was measured and plotted
versus current in figure 17.

If the compound vortex behaved the same in gas metal -arc
welding as in gas tungsten-arc uwelding, it was expected that a
large increase, on the order of 1.25 mm [251, in penetration
would occcur around 258 to 230 A. Figure 17 shows no such
sudden increase. bhat it doez c<how is a gradual increase in
renetration throughout the range of currents tested.

So at least the first objective had been obtained.
Unfortunately, the result was that the compound wortex behtaved
differently in GMAW than in GTAU. Either the compound vortex
did not form at all in this current range or the formation of
the compound vortex did not result in  a large increacse in
penetration. To 3ain some insight into this matter, another
meaxsurement was made oh the weld bead cross-sections. Figure 18
thows a nominal weld cross-section. 14 & represents the ocverall
penetration, then call B the "finger” penetration. The finger
is that portion of the weld bead that extends dowun below the
moere or lezs semicircular region. The semicircular region might
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17.

Plot of penetration versus current for the constant
current experiments,
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Figure

18.

Diagram of uweld crocss section showing <A> total

penetration and

‘B) finger penetration.
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be thought of as that region of melting due to conduction heat
trancfer and the finger is due +to convecticn and weld pool
motion. It stould not ke misconstrued that these two heat
transfer processes are inderpendent and the total penetration
could be obhtained by summing +the individual conduction and
convection sclutione (even if a convection solution existed,
which at present it does not), If & {convection) heat transfer
coefficient cculd be determined, by definition it wculd include
both the conductive and convective mechanisms. The firiger ,
howewver , would not exist 1f convection and weld pool motion did
not occur. A sharepe increace in finger penetration, in  the
current range of interest, would indicate the presence of the
compound wvortex. Figure 13 =hows the results of the finger
penetration measurements. Again, a szteady increacse is present

instead of a large =tep that might indicate a threshold current.

2. Dicscucesion of Results.

As current is increased, the renetration increaces
gradually aver the entire rarnge of currents tez ted. Further,
the 9rouwth in the finger is alsoc gradual over the entire range
of currents. In fact, fizure 20 shouws that the grouth in  the
finger accountse for nearly all the increase in penetratian, The
difference in the two curwves in figure 20 results from greouth in
the conduction heat trancefer due to the irncrease in heat input.
But this growth iz very small compared to the grouwth in finger
penetration. Sc 1t 1 clear that weld pool motion in some farm
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Figure 13. Plot of finger penetration versus current for the

constant current experiments.
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resulted in doubling the length of the finger while the depth
of the semicircular region remained fairly constant.

The obvicous candidate is the compound vortex. The gradual
increase in penetration indicates that initially +the wvortex
either partially forme or 1 dicrupted by impacting metal
droplets wuwith no angular wvelocity. Then, as current is
increased, the wortex ig¢ strengthened and enlarged as the weld
pool grows in volume, so the impacting metal Causes less
disruption. The result is that inctead of a sudden increase in
penetration when the vortex is established as in GTAW,
rpenetration, especially finger penetration, 9rows gradually as
the vortex grous in strength and influence. To test this

hypothesis another uwelding experimert was conducted.

3. Observations During Ramped Current Experimentes,

The signal generator was adjusted +to provide the slow
sautooth wave shoun in figure 16, By allowing the current +to
increase in a continuous manner the weld pool depression could
be observed. HRAlso, by making a longitudinal cut to reveal the
centerline of the weld, any sudden penetration increace would be
clearly displayed, The recsults were plotted on the csame graph
as the constant current uwelds and are displaved in figure 21,
The penetration wvalues obtained from the ramped current
exper iment are represented by the almost linear curve ‘with nro
Points) that falls betueen the owverall penetration and the
finger pernetration., The fact that the arc lerngth greuw larger as
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the current increased: allouwing more spreading, explains uwhy the

ramped current experiment resulted in less renetration than the
constant current experiments where the arc length was kept
i constant. It is interesting that since the arc cspreading
1 reduces the penetration due to conduction, the penetration
obtained in this experiment 3rouws at aprroximately the same rate
as the finger pernetration.

The other important cbservation during the ramped current
exper iments was related to the weld rool depressicn. s the
welding current increacsed, the weld rool could be seen to
fluctuate arcund 248 to 262 A, as if the vortex was alternately
formed and extinguicshed. Thern, at around 270 +to 288 A, a
distinct depression in the surface of the uweld pool could be
obserwved. At higher currents, the depression continued to grouw
in depth and become more distinct.

1t appeared that the compaund vortex began to form 1in the
came general current range as in GTAUW but that impacting metal
drops with no angular wvelocity disrupted the formation. As the
vortex strengthened with increasing current and +the weld rpool

grew, the wortex formed and began to depress the weld pool

zurface. This resulted 1in an increase in penetration. But thais

increas=z in penetration did not cccur ower a short current range

as in GTAL. A current increase of (30A (250 - 250A) recsulted 1n ﬂ
about a 1.25mm increaczce in renetration. Ancther factor to
cons ider was that this grouth in penetration was due almost

L' .
entirely to the arowth in the firnger . This may nat te 1

desireable in many weldingd geometriec.
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Refering again to the objectives stated in chapter 3, the
first two had been obtained. It had been determined that the
vortex behaved differently in GMAW than i1n GTAW but that 1t did
result in an increase in penetration. The relationship betueen
current and the formation of the vortex was also different in
GMAW than in GTAW. No threshold current existed. The wvortex
began to form around 248 - 260A and was protably fully formed
around 289 - 300A. It was clear that the third objective, that
of determining the time required for the vortex to form, would
-nou be very difficult <to meet. Since there was no clear
threshold current above which the wvortex operatead and belouw
which the vortex did not. Also, the penetration measurements
did not clearly cshouw when the vortex was fully established and
when 1t was not. So determining the time required for vortex
formation was abandoned in fawvor of attempting to develop £ ome

method for emplovment of this mechanism.

q., Pulsing Strateay.

FRecalling the prchlem cf dealing with a tack weld by £ Gme

automated svstem, 1t was desired that & si1zeable increase in

penetration could be real ized with no increacse in metal
depositiaon and no increase in heat addition. Metal deposition
and hezat input are cuntrolled by current. S0 1t Wwas attempted

tc invent a pulzing scheme that had a lcw average current and

vet took advantage o f the compound wvortex for increased
renetraticon, It was clear that to pernetrate up to 10mm of tackK
70
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uweld, a high peaK current would have to be wused and that the
peakK period would have to be substantial. To bring the average
current doun, a fairly low base current would have to be used
and the bace reriod would have to al=sc be comparable to the peakx
period.

The experiment took the farm of two welds wusing a square
wave with peak current equal to 650A and base current equal to
2e6n. The rea¥ periocd and bace periocd were equal (S0 duty
cvcle) resulting in a average current of 425A. A direct current
weld of 425A uwas also conducted for comparison. Two frequencies
were tested, 30Hz and 10Hz resulting i; 16.7ms and SOms peak
pericds respectively. 1t was attempted to adjust the vcltage
and travel speed zo that the total heat input would be less than
59 wI/ir, (For many steels currently ucsed in the construction
of naval ships, heat input above this level requires special
procedures and cspecial qualifications for the welder .)
Unfortunately thiz reculted in burn-back csince the wire feed
mector was not faxst encush . Raising the taerch resulted in
unzatisfactory =zpreading of the arc and wvery poocr penetration
resulted. Additiconal protilems encountered are discussed in
chapter 4. Although success was naot acheived n this

experiment, low frequenrcy puleing warrants further study.
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A D G COMFPFUTER MOOEL

1. Conduction Solution.

Resenthal 'e {271 equation for a moving point socurce of heat
on a semi-infinite body ics given in section S of chapter tuwo.
His assumptions uwere:?

a> the thermal conductivity, specific heat
and thermal diffusivity remain constant and
are independent of temper ature.

b) the heat input and the travel cpeed of
the source are constant,

¢) the source of heat is very small in csize
compared to the region of interest so as to
be concsidered a roint scurce of heat,

d)> convective and radiative heat flowse are
neglected, and

e) *the pr has reached ES quas 1~ teady

(4
(Al
m
"
n

ztate on a semi-infinite medium,

The 1xet assumption pravides that even thaousgh the
temper ature field is changing with time, the heat scurce 1s also
moving and the temperature field 1z cteady with recspect the hext
csource. The coocrdinate parallel to the direction of motion (X),
then carn be converted into time by dividing by the travel cspeed.

It ie az 1f a thermal "srapcshot" 1:¢ taren of the WorkKpilece az
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Eagar and Tsai [(14]) realized that the scurce of heat was

not small if the the region of interest Was the fusion zone.
Their model uszed & distributed heat scurce approximated bty a
Gaussian function with standard deviation s.
q
T -7 = >
] 1.2
Pi x Ro x C x (4 x Pi x a)
t -1.2 2 2 2 2 e
(t'" W + 0y + 2uvt'' &yt z
expg | _ _ dt '’
2 2
{ A 2at'' + s dat'' + 25 dat '’
q
1
where t'' = the integration variabtle
E W = dizstance in the x direction in a mowving cocrdinate
system w = x - wt
v = travel speed of the arc
L Y = dicstance hcorizontally perpendicular to the direction
of travel
2 = diztance mezasured vertically from the plate sur face
q = net heat input Per unit time <(pouer)
o
Fi = 3.14!5326536
Ro = mass dens ity
c = specific heat
r‘
a = thermal diffusivity
3 = arc distr itution parameter
T = local temperature
A
| To = initial temperature
|
i
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This model Wwas used in a computer program <(Appendix A,
The user inputed material constants, welding rparameters, the
tvpe of *“cut” desired (longitudinal or transverce) and where the
cut was desired in relation to the arc. The program adjusted
the values of w, ¥ and z in lmm increments and calculated the
intesral shown above by means of a tuenty cstep Simpson's Rule
process. Two virtual heat socurcecs were added to approximate a
finite plate instead of the semi-infinite plate assumed by
Rozenthal.

The number of Simpsaon'e Rule stepe and the rumber of
virtual sources was determined by trying several combinations
and settling on a compromise of accuracy and rrogram run time.
The reszult ocbtained using twenty steps differs from the result
cbtained using 190 steps bv lecss than three percent. The result
obtained using two reflected sources differs from that wu:zing
three sources by leze than ane percent. Some of the file
cemmands and print statements in this program may be unfamiliar
tecauze the program was written to run on a Commodcocre ©64C
computer.

A cample of the cutrut from this program 18  given in
Appendix B. The data obtained from this program coculd be used
to study the cize of the fusion zone by examining the 1satherm
line equal in temperature to the melting termperature of the
cteel. The heat-affected zome could also te studied by locating
the isotherm line of whatever temper ature ic determined to caucse
degradation in the properties of the csteel. Ccauling rates could
te determined as well =ince the x coordinate functions as a time
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variable. In this study, only the size ocf the fusion zone is of

interest. The longitudinal cut was used to determine the

max imum depth ¥ the fusion zone, The transverce cut showed the

basic shape of the fusion zone.

2. Comparison with Exper 1imental Results,

The welding parameters for welds (-1 and 1-28 wuwere input
into the computer program and the output data uwere plotted in
figures 22 through 25. The melting temperature ¢ mild steel is
shown as a dashed line at 1538 degrees Celcius. Figures 22 and
24 show that the maximum depth of penetration occurs @.6cm
behind the arc. In weld 1-~1 the maximum perietration it between
the surface z=0) temperature curve and the 3mm temperature
curve, Interpolation of the data reczult in a renetration cof
1.3mm. The maximum penetration for weld 1-2 i1s 4.4mm, The same
procedure wasz carried ocut for other welding currents and the
resultz uere plctted in figure 26 alaong with the experimental
results.,

It is clear from fiaure 26 that the rredicted recsults do
rot agree wvery well with the experimental results. A review of
the azzumptions made by Rosenthal reveals that even using a
distrituted socurce and a finite plate, +there are tuwc wvery
important faults with the theory. The fircet ie  that the
material properties of the plate do not remain canstant as the
temperature increasecs. Arnd zecondly, convective heat tranzfer
ie very important toc the proces:z. Additiacrnally, not all of the

bk
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A ~unse

heat applied to the plate can be used to raise the tenperature
of the weldment. Since there it & change of FPhace (soclid to
1iquid) some heat is lost as heat of fucion. These factors
combine in & uway that i rnot clear to change the slcore of the
current versus penetration curve. Another rotential source of
error it the calculation of the heat input to the plate.
Appendix A and reference [61 chouw that the product of arc
voltage and arc current ig multipliled by an  arc efficiency
factor to determine the amount of heat applied +to the plate.
Thiz arc efficiency iz assumed to be constant when in fact 1t s
a function of current. Reference [61]1 shouwe a plot <(fig. B.17 Fg
164) of decreasing arc efficiency with total input  fpouwer. An
arc efficiency that i1s decreasing with current would help reduce
the discrepancy betuween predicted and experimental resulte 1n

figure 26.
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“II. COMNCLUS IONS

i. Compound Vortex 1n GMALW.

Unlike gas tungsten-arc welding wuhere itncreased current
brings about a sudden, wery large increacse in renetration when a
compound vor tex is etablicshed, increased current in gas
metal ~arc welding causes a gradual irncreacse in penetration
throush +the range where a vortex cstarts to form, forms
completely and becoumes wery strong. Metal drorlets from the
electrode that 1mpact the weld pocl have no angular veloci1ty and
therefore have a disrupting influence on the vortex. When the
current itz low and the wortex is weak, these drorlets do net
allow the vortex to form completely;’ SG the resulting
renetration is not as 3reat as might have been expected. Ae the
current bhecomes larger, the vor tex becomes stronger and C&an
impart angular momentum to the itmpacting drorlets with less
disruptionr. The resulting peretration is grexter. Finally,
when the current is lars3e e&encugh, the vwortex 18 wvery ctrong ard

resultz in deep weld renetration.

2. Graowth of the Firiger Fernetration.

As current is 1wricressed and overall weld rpenetration
beccemes larger, nearly all of the grouth in penetration 1s a
rezult «f the 2rowth irn the finser peretraticn “cee figure 13>,
Figure 20 chows that the finaer penetration 3rocus nearly as facst

a2




as the total penetration. The result is a nearly constant depth

for the "semicircular reglion while the finger grows to over
half of the total penetration. In many joint geometr 1les thais

ie mot a desireable result. The narrow finger may nct f1l11 the

tevel for instance, and cause incoemplete fusaion.

3. Oictributed Zource Conduction Solution.

The computer model used produces resulte that are of the

right maanitude. But the predicted renetration 3rouws tco

rapidly as current is increaced. The ascumptians of constant

material prorperties and no conwvection as well as the use of a

constant arc efficlency are recsponcible far the discrepancy.

q. Increzzed Penetration.

In crder to realize increazed penetration, a cignilficantly

larger amourit of heat must be z2dded to the rFlate. i attempt

wase made to uze a hi1gh peak current tbalarnced by ES low bace

current =zo that the process would tave the advantage of a

current ard vet sti1ll frave a low aver age teat input, The

attermpt faxiled due to equipment deficilenciles but the concept

n
+
[
—
ot

tiaz mer 1t

Arcther , poescitly easz 1er , Was tao achei1ve renetration

through a tacy weld without additiornal metal deposcition uwcoculd tbe

ol
-+
Q
"

the uze econd, non-conzumatbtle arc in the area of the tack

weld, 1% recommernded far further ztudw, that the uce of a

w

)
3V]




cecond (possibly GTA) torch be tested on tack welded plates to
determine the feasibility of its use and 1ts most 1deal location

with relation to the GMA torch.
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A . TEMPERATURE FIELD PROGRAM

Program Listing.

PRIMT CHR${147)

PRINT:PRINT:PRINT

PRINT"THIS COMPUTER PROGRAM WILL CALCULATE THE®"
PRINT"TEMPERATURE FIELD PRODUCED BY A OISTRI- "
PRINT"BUTED HEAT SOURCE TRAVELING ON A FINITE *
PRINT"PLATE. THE FORMULATION OF THIS 30LUTION®
FPRINT"IS FROM A FPAPEF BY T.W. EAGAR AND "
PRINT"N.-S. TSAIl <(WELDING JOURNAL, DEC, 1387 "
PRINT"RESEARCH SUPPLEMENT, PP 348S-3555.) Y
PRINT:PRINT:PRINT

PRINT"IT WILL STORE TEMPERATURE DATA IN YQUR "
PRINT"DATA F ILE. WHAT I3 THE NAME OF YOUR "
INPUT "OATA FILE":B%

PRINT CHR$(147)

A=.147:RP0O=7.8233:K1=.54

V=21:i1=2S1ETR=.75:v1=10@

H=.

o

SESITM=Z@ S IGMA=, 1 8SST

OFEN 2,8,3,"@0: "+B$+" , 5, W"

ODIM TT(E@,20)>:01IM M2

INPUT"DO YOU WANT TO PRINT QUT THE TEMPERATURE DATA":FPFP$

IF PP£="N" THEN 430

OPEN 4,4

oPENM 2,4 ,2

oPEN 1,4,1

[\
w




M)

450

435

487

500

510

S5z26

S54a@

565

570

Seo

Us$=%99.9 9898 9989 9888 89938 3889 89989 |ggag*t

Us=ys+”* 9999 8988 8g9g99*

PRINTHZ2 ,US$

GOTO 5S40

PRINT CHR$<(147)

REMEXKE K R p v re v vt ¥y ¥ ¥BASE METAL PRRAMETERS ket xh k k¥ k&

INPUT"THERMAL DIFFUSIVITY (CMt2/S)>":A

INPUT"MASS DENSITY G- CM®*3)>":RO

INPUT"THERMAL CONDUCTIVITY <(W/CM DEGREES C)":K1

PRINT"THERMAL OIFFUSIVITY =";A; " (W/CM DEGREES C)*"

PRINT*"MASS DENSITY =";R0:"(G/CM*+3)*"

FRINT"THERMAL CONDUCTIVITY =";K1: " (W CM DEGREES C)>"

K=1E+7xK1:REM--THERMAL CONDUCTIYITY (G CM-S13 DEGREES C)

CP=K./{(A*RO):REM--SPECIFIC HEAT (CMt2.,5t2 DEGREES C)

INPUT"ARE THESE WALUES CORRECT":;Z2%$

IF ZZ28="N" THEN 43S

REM

REM

REM

GOTC 659

PRINT CHR$(147)

REMERKE LA X T A XN XXX 4 XX ¥ ¥ ¥ ¥ x ¥ UELDING PARAMETERS# 4 £ ¥ v ¥ ¥ ¥ X k¥ %

INPUT"WOLTAGE (V) ":w

INPUT"CURRENT (A» " [

INPUT"ARC EFFICIENCY";ETA

IMPUT"TRAVEL SPE-T CItLMINY "Y1

ae

e
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2.

635 INPUT“PLRATE THICKNESS (2CM MAX)":H
638 INPUT"INITIAL TEMPERATURE (CELSIUS)": TN ‘
645 INPUT"ARC OISTRIBUTION PARAMETER":SIGMA

650 PRINT"VOLTAGE =";Vv;"(Vv)"

€33 PRINT"CURRENT =";1:"(A)"

66@ PRINT*ARC EFFICIENCY =":ETRA

663 PRINT"TRAVEL SPEED =";%w1:" CIN/MIN)*

670 PRIMT"PLATE THICKNESS =";H:"{(CM)*

672 PRINT"INITIAL TEMPERATURE =*;TN; "(DEGREES CELSIUS)»"
674 PRINT"ARC TISTRIBUTION PARRAMETER =":SIGMA
675 INPUT"ARE THESE WYALUES CORRECT";ZZ2%

680 IF zZZs="N" THEM 535S

681 Q=V*I*ETAIREM HEAT INPUT (J. 35

82& G=1E+7xQ (REM HEAT INPUTI(G CM42,S13)

€83 W5="1%2.54.60:REM TRAVEL SPEEDY<CM.”S)

635 T=2@:REM INTEGRATE COWER 20 SECONDS

837 REM

893 REM.

€33 FRIMT CHR$147)

700 IMPUT"LONGITUDINAL COR TRANSVERSE (L OR TO":¥Y3$
TOS IF YYys="L" THEN 808

Ta8 IF YY¥="T" THEM TIi2

TOTY GOTOQ Tee

7190 PRINT "TRAMSVERSE SECTIQN"

S OINPUT "M-DISTANCE 1M CM GF ZLICE FRQOM THE ARC <+ RAHEAD,

37
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200

2es

- BEHIND)>": X

PRINT*"X-DISTANCE =":;¥;"CM ":INPUT"IS THIS CORRECT <Y OR

N)*:2Z2Z2%

IF Z22%="N" THEN 710

ZT=INTC1OxH) :REM MM INCREMENTS

FOR Z25=@ TO ZT

Z2=25x.1

FOR YS=@ TO 40

GOTOBSQ:REMr kx kv kb kv ¥k ¥ xxxTO SIMPSON'S INTEGRATION ROUTINE

TTCYS,Z8)=THETA+TN

NEXT Y&

NEXT 25

GOTCO2000

REMEX K KX XA NH AT NN T NN AN AN KA AR ST N KA A

REM

REM

REM

REMEX XXX R XXX ENXKA VAN AR F o h o w4 4 LONGITUDINAL SECTIOMN® % x»

PRIMT "LONGITUDINAL SECTION"

INPUT "Y-DIZTANCE <Itd CM> OF SLICE FROM THE ARC

CENTERLINE": Y

210

St

g12

FRIMT"Y-DISTAMCE =":Y:;"CM "!INPUT".S THIS CORRECT <Y OFK

MY"IZZH

IF 2Z2¥="0N" THEMN Z0Q

PRINMNT"AREA OF CALCULATION I3 & CM LONG IN THE X DIRECTICHN.

IMPUT FORLKWRDMOST"

8a




813

814

844

sEes

3038

INPUT "X COORDINATE <+ AHEAD OF ARC, - BEHIND) ": X0

PRINT*X COORDINATE GOES FROM";X8;"CM TO "; Xe-6;"CM

C+ AHEAD OF ARC) "

INPUT* IS THIS CORRECT (Y OR MNO>":2Z$

IF 22%="N" THEN 812

ZT=INTC(l@¥H) :REM 1MM INCREMENTS

FOR Z25=@ TO 27

2=25¥%.1

FOR XS=0 TO 60

GOTQRSO:REMaax vy e v kv r kv xxTO SIMPSON'S INTEGRATION ROUTINE

TT(XS,25)=THETA+TN

MERT *35

NEXT S

GOTO =z1i00

REM

FEMe oo b x v o rn o xwrrerry ¥ ¥ *»BEGIN INTEGRATION ZUBRCGUTINE » ¥ x

BT=T,20 :REMxxsrrxr+rx4+*DIVIDE TIME INTERWVAL INTO 28 PARTS

FREM »x»SIMPSON'S RULE INTEGRAL Y XX XXV XX AN XX AN A X R X KA LN LA K

IN=@:M=02

NN+t

FCR XX=@ T01& STEP 2

TO=<¥%DT

Ti={XX+1>207T

IF TOC>0 THEN 210:REM »xx¥y¥xv¥¥y¥¥ZEFOTH VALUE 13 EQUAL TO O

DO=0:6GCTC 230

2w
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10

1600

1905

E@=((XK12+Y12+2xXtVSeTO+VS122TO12)/(4xAxTB+2%xSIGMAT2) ) +
(212/7(4xAxTO))
NA=EXP(-E@) ¥ (TAT-.S)H /(22A»TA+SIGMATt2)
E1=CCRt2+¢Y 242X xVSaTI4+VSI2xT112),7 {4 xAxT1+223IGMAT2) ) +
(212/7¢(4¥A¥TLI))D
DI=EXP{(-E1)*x{(T1t-.5)>/7(2%xAxT1+3IGMAtS)
DI=DOx2+01 %4
IN=IN+DI
NEXKT “KK
TO=DTt2G:REM#ttt*ttt#¥tttttttttLﬂST ELEMENT IN SIMPSON SUM
EFO=( {12 +Y12+2 x4V eTO+VS12¢TO12) (4#A*xTO+2+5 IGMATR) D +

(212/7(4xAxTA))

i 1219 DO=EXF(-EI*{TO4-.5) . (24AxTA+SIGMAT2)
1020 IN=IN+DO
1223 1IF MX1 THEN 1825
- 1024 Z=2#H-Z:G60T3387
1825 IF M2 THEN 1030
1026 Z=2¥H+Z:60T7T08837
e 183¢ IN=INMxDT/3
1AZ@ THETA=IN4Q FI¥RO*CP* dxPI¥A>*+.5)
198535 IFYY$="L" THEN 844
™ 1068 GOTOTES iREME R XX X A KN A NN RN W X Xk ko Wk W ok kW
E 1930 REMEREF XK EE XA XXX AN XX KA XK KX XA XN AR R kK k k¥ hx k¥ kPR INT QUT
E 2088 IF PFE="N"THEN22QE
; 2021 PRINMTH4, "TPAMSVERSE SECTION AT X = ":;X:PRINTH4:PRINTH#4
: 2002 PPRINTHS ,"Yy 2 2=0 2=0.1 2=0.2 Z2=0.3 £=0.4 "3
} 2z PRIMNTH4 ,"Z2=2.5 I=6.6 2=0.7 2=0.8 I=D.3":FPRINTH4
. 38
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M

&

2073

c2a7vsS

2077

zege

I
Q
0
n

21008

2101

2182

2103

2183

2107

2110

fo
o
>

FOR Y5=0 TO 40

L=YSx.}

FOR 25=@ TO 3

M(Z5)>=TT(YS,Z23)

PRINTH#4 ,TT(YS,25)

NEXT ZS

PRINTHI,L:M(B) ;MO M2 M(3) MG IMIS)I MBI M7 I MC8) 1 M)

NEXT YS

PRINT#4 ,"Y ,CZ

PRINTH#4 "2Z=1.S5

FOR YS=8 TO 40

L=Y5Sx%x.1

PRINTH#1 ,L/MCIB)S ML M1 MAL3D ML AD i MOISH s MOIB I MILT !

MO13d:MI13)

NEXT Y3

GOTORCORIREMA XA XN ¥ R F N KKK AT NN E NN NN ER NN RN Ak n

IFPP$S="NMN"THEN2200

PRIMT"4, "LONGITUDIMNAL SECTION RT Y

PRINTH4 ,"Y 2

PRINT#4 ,"Z=.%5

FOR »S=0 TO 68

L=+0-<S» .1

FOR 25=8 TO 3

MIZ3SH=TT<3,23)

2=1.3 2=1.4

£=1.8":PRINTHA4

"INIPRINT"3IPRINTHA

B
1]

)
w
0
a
Ll
-
—
T
b

o

J

.

W

N

\.d

N
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2130

2150

2160

2170

2172

2173

2175

2180

2185

2192

2194

PRINTH3 ,TT(KS,2%)
NEXT ZS

PRINTHL , L;M@@I) ML) M2 MIBDI MG s MUS ) s MAED s M7 M8 ) 1 Mg

NEXT XS
PRINT#4 ,"Y 2 2=1.08 <Z=1.1 Z=1.2 2=1.3 12Z2=1.4 "
PRINT#4 ,"2=1.5 Z2=1.6 2=1.7 2=1.8 2Z=1,8":PRINTH4

FOR X3=p TO 60

FOR ZZT=1@ TO 19
MLZ28)=TT(KS,25)
MEXT ZS

PRIMNTHL LM IMCL D ML MOLIBO I MCOIG) s MALIS ) MOLB) S MCLT7 )
MC185:M(13)

NEXT X3
FORZ5=0TOZT

IF YY$="L "THEN2CZ20
GQ=40:G0T02230
aa=60

FOR X3=0T70QQ
PRINTH#3 ,TT(XS,28)
NEXT 3

NEXT 28

CLOSE {:CLOSE 2:CLOSE 3:CLOSE 4

32




2. Program Explanation.

Lines 1490-17%:

Clear the screen and printe a message.

Lines 180-183:

Prompt the user for the name of his data file and puts

it into the string wariable, B%.

Lines 190-220:

Line 270

Line 2280:

Clear the screernn and assign 1nitial values to the
thermal diffusivity (A), mass density (RO), thermal
conductiwvity (K1), voltage V), current (1), arc
efficiency <ETA)Y, arc travel cspeed (V1), plate
thickness "H>, initial temperature (TNY> and arc

distr ibution parameter 'SIGMAD,

Opens the data file.

ODimens ions the temperature arrayes.

Lines 300-4806:

AsK the user if he wants the data printed on the
printer in addition to recording it in his data file.
1f the anszuwer iz anything but "M, 1t copens the print
files. The first file (#4)> is the werbatim file.
Anything printed in file #4 will te pranted verbatim.
The cecond file H2) iz the format file. The
characters printed 1n file HZ2, 1n lines 450-4€0,

a3




Y

Lines

Lines

Lines

Lines

Lines

Linez

format the Commodore 882 printer

printed in the third file

farmat.

43€-530:

co that anything

(#1) will be printed 1n that

Initially sKip the input and pr int the current values

of the Base Metal Parameters.

values are correct. If

Line 370 azks 1f thece

rnot, line 580 branches back to

allow the irnput of neuw wvalues.

582-585:

FRemarkKs .

S590-680:

Ferform the same functicn s lines 430-5S30

Welding Parameters.

€81-633:

Calculate the heat rer

the pPlate. The arc ef4

reference [681 page 164,

right units ard lime 88

from ipm to cmse ., Lire

the 1ntegration will ta

Toea-Tvag:

Allouw the ucer to zelec

to the direction of tra

perpendicular to it.

7T10-7V36:

Set up the location ide

cut. Lirez T135-7295 all

34

urilt time actually

iciency was cbtaine

Line &32 conver ts

3 canverts the +traw

685 cet:s the time

ve place.

for the

arrlied to

d from
g to the
el cspeed

over which

t & lorngitudinal cut parallel

vel or a tranzsvwercze cut

ntification for the tranzvercze

cuw the uzer to 1nput the =

Nd

o




T

Lines

location of the transverse cut. Line 730 sets 27T
equal to the thickness of the rlate in 1nteger
millimeters. Line 7?35 it the beginning of the loop
for the 2z dimercion {measured down from the surface of
the plate) ard line 740 causes Z to be 1n centimeters.
Line 745 1= the tegirning of the loop for the v
dimension 0 to 40mm)> cff thte centerline of tte weld.
Line 750 cauces Y to be in cernitimeters. Line 76O
branches to the Simpeon’'s Rule Integration rcoutine.
The recsult is THETA = T - TN, =0 the initial
temperature is added in line 765 to get the
temperature at that location. Lines 770 and 780 are
the ends of the nected loopse and line 738 branches to

the output.

733-8431:

Set up the location i1dentification for the
longitudinal cut. Lirnes 803-311 allow the uszer to
input the distarnce of the longirtudinal cut from the
cernnterlirne of the weld. Lines 212-38316 allow the uzer
*o zelect the lcocation of the Bcm ‘“alang the length of
the weld) on which temperature calculatiorns are to be
conducted. Line 320 =sete ZT equal to the plate
thickness in 1nteger millimetercs. Line 3295 13 the
beginning cf the loop for the z dimencsiaon (meazured
down froam the zurface cof the plate) and line 830
converts = 1nto centimeters. Lirne 825 15 the
teginnirg of the loacp for the x dimension measured

b

i

AN




from the x location input in line 813, Line 8490

converts x into centimeters and starts the measurement

at the x walue input in line 813. Line 842 branches

to the Simpscon's Rule Integraticrn rocutine. The result

is THETAR = T - TN o0 the initial temper ature 1s added

in line 844 to 3et the tenperature at that location.

o0

i Lines &4 and 846 are the end:s cf the rested loops and
line 847 branches to the output.
Lines 35S0-10€0:

Are the Simpszcon'e Rule Integration routine. Lirnes

250-~-330 divide the time interval into tuenty parts.,

cet the zsum (IN) and the counter (N> to thelir imitaial

values and start the loop. Lines 308 and 805 identify

the ends of the irncremental time element. Lines

333-~-3038 handle the case when TQ equals @ and avaids

divizion by zero. Lines 310-34Q calculate the partial

surne of the 1intesgral uszing the equatiorn from chapter

S. Lines 3S0-380 aprly the ZSimpecorn's multipliers and

increace the value of the szum (IN). Line 3388 1s the

end cof the integral loop. Lines 10Q0-1020 calcul ate

and add the last term in the Simpson's Rule expansion.

Linees 1023-1026 add the wvirtua! reat sources at H

helow the plate and 2H above the plate ‘where H 1= the

plate thicknes:)> and superpcce the colutions. Line

1030 completes the Simpson Integration. Line 10S0@

multiplies the result by the conctantse in front of the

ihtegrxl =z213n f(zee the equaticon 1n chapter 6. Lires

36
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Lines

1035 and 1960 return to uhere the subrout.ne uwas
called. MNOTE: Originally GOSUB/RETURN statements
were ucsed but thesce tare more computer time co GOTO
statements were uzed instead.

1335-2298:
Are the cutput section. Since much of the gutput
programming is computer specific and in gerieral for
cosmetic purposes only, it will not be discussed 1in
depth, It suffices to =say that the program prints out
the temperature data i% that was decired and records
the zame data in the user's data file. The last line

cleczes all the files to avoild data loce,




B. COMPUTER PROGRAM OUTPUT

WELD 1-1: 1=2%1A, V=21V, Arc Ef$.=0.75, TS=1@ipm, P11t Thk=,8%5cm
Initial Temp.=20 deg.C, Arc Dizt. Parameter =0.13837

(cm) Y = Bcm (Weld Centerline) Max . Penetraticn =0.13cm
2 = 0.0 2.1 2.2 2.3 2.4 2.5 2.6 8.7 2.8 2.9
M & —=m=we mmme- —eSeS S e-ses So-—s oS-SS SeSSs SSSSs mSSTs mToTS
1.8 110 110 189 106 182 7 33 89 87 a5

.9 146 146 144 139 133 126 120 114 110 188
.8 184 134 138 183 174 164 155 146 140 137
.7 257 256 aSe c40 a2a7 213 199 187 179 174
.6 335 334 325 311 234 274 255 238 226 ace
.5 430 428 417 3398 374 347 3ee 300 2a3 2vs
.4 542 548 Ses 500 468 434 400 371 350 338
.3 €63 666 847 6186 STe 532 4889 453 426 412
.2 gag 804 781 742 693 638 587 342 508 433

.1 353 [48 820 274 315 T 689 636 597 =rard
0.0 1087 1091 1059 1006 338 865 793 732 687 €63
- .1 1233 12268 1181 1131 19SS 973 883 824 779 v4a7

- .2 1352 1345 1387 12492 1160 1070 3823 308 854 326
- .3 1443 144} 1401 1333 12497 11%2 1060 aIge sa24 €34
- .4 1515 1503 1468 1383 1311 1214 1121 10409 381 351
-~ .5 1ST@ 1945 150T 143€ 135 1255 1162 1882 1024 334
- .8 1554 1550 1513 1448 1364 1273 1183 11068 1031 18z
~ .7 1527 1S2%S 1432 1432 1355 1268 1186 1115 10863 1636
~ .8 1476 1477 1448 1335 1325 1248 1172 1108 1062 1038
- .3 1407 1493 1386 1340 1280 1213 1147 1@31 1650 1030
~1.0 1326 1323@ 1312 1275 1225 1163 1113 1065 1031 1014
~1.1 1229 1248 1224 12085 1164 1113 1673 1034 1006 383
~-1.2 1153 1163 1155 1134 1103 1967 1032 10081 9380 3ve
-1.3 1873 t1@ez4 1081 1067 124 1018 331 363 353 346
~-1.4 1000 1912 1@14 1066 2331 arva 354 337 326 3ece2
-1.S5 336 z0 2cS s2 243 332 813 3038 s0e sea

~-1.8 ag! 2386 204 30S 302 336 383 283 873 373
-1.7 336 251 g61 gee gee zed gez 8589 258 360
-1.8 vsv 313 e2s 832 336 837 337 338 838 342
-1.3 7es TE2 T34 &03 zag 313 316 818 &zl 825
-2.0 737 TE4 767 78 T35 v31 796 800 204 303
-2.1 713 TZ0 v4aq 7SS Ted 771 7YY Ta2 ey T3
-2.2 682 TO3 Fg=3 735 744 752 TS38 766 771 vyT
-2.3 eve 583 T3 i = 726 738 vae va3 7SS 761
-2.4 €54 671 625 €37 708 718 726 733 749 746
-2.5 637 6853 €68 680 631 701 Tie 717 T4 731
-2.6 61 6837 €51 €664 675 6895 6394 o2 703 71S
-2.7 806 621 €36 €43 60 e70 673 637 €34 7ol
-2.8 S31 887 €21 633 645 8S5S €64 eve 6se €86
-2.3 S7T 533 Syl 613 €30 €41 650 658 666 eva
-3.0 564 S78 S83 805 617 eav? 636 €44 es5e 658
-3.1 sSe Se& Se0 S92 ea3 €14 623 631 633 €46
-2.2 540 554 567 S8a 581 eal €109 613 626 633
-3.3 sSez Saz2 SSe =68 o7 a3 S3ae 606 614 621
-3.4 318 =31 S44 °Is Se7 377 S86 535 soe €08
-3.% =1 IIch 33 4GS SE6 See ST 583 S31 538

.4




TRANSVERSE SECTION

_l WeELD 1-1: 1=251A, V=21V, Arc Eff.=0.75, TS=181pm, Plt ThKk=.85cm
Initial Temp .=28 deg.C, Arc Dist. Parameter =0.18837
Transverse Cut at X = -0.6 Max. Peretration=8.,1{3cm

n
n 3

® <N

.8 1554 1550 1513 1448 1364 1273 1183 1106 1051 1022
.1 1536 1532 1486 1432 13S0 1253 117 19036 1841 1813
.2 1484 1481 1446 138% 1307 1221 1137 1864 1@12 385
.3 142 1490 1368 1312 1239 11S3 1082 10815 366 341
.4 1298 128% 1267 1217 115 19030 1010 350 07 884
.5 1174 1174 11586 11067 1051 388 327 879 837 818
.6 1@44 1@44 1@2S 3389 341 839 837 793 7681 745
i 312 3813 398 863 2321 783 746 710 683 670
.3 7es 727 776 753 7e3 €89 856 627 €07 537
.9 667 670 662 646 623 537 sve S50 S34 526
1.9 S62 S65S S6e1 5493 S32 513 434 478 467 481
1.1 470 474 472 464 452 4338 425 414 406 48
1.2 332 336 386 3391 383 374 RES 357 35e 350
1.3 327 331 332 329 3e5 319 313 398 305 304
1.4 274 278 273 a7v 276 z2ve 263 266 2649 2683
1.5 230 234 236 236 235 233 231 230 229 223
1.6 19S5 1&3 200 281 201 200 200 1338 133 133
1.7 166 163 171 172 173 173 173 173 173 173
1.8 142 145 147 148 149 150 150 150 181 151
1.8 123 125 127 128 1239 130 131 131 132 132
2.0 187 198 110 112 113 114 114 115 115 116
2.1 a3 35 36 S8 2ic] 100 100 101 101 182
2.2 a2 a3 38 86 37 &8 g8 383 33 30
2.3 T2 74 75 76 i g 7 73 73 30
2.4 2 ) 85 &6 &7 €8 &3 €3 7 T 71
2.5 ST S8 53 60 &1 g1 (Y4 62 63 83
2.6 =2 =3 S3 54 S <SS =8 26 S6 ?
2.7 47 438 48 43 43 SO bo14] S1 S1 5t
2.8 43 43 44 44 45 45 46 46 48 q7
2.9 23 49 40 41 41 41 42 42 42 42
3.0 36 37 7 7 38 38 38 39 39 39
3.1 24 34 34 35 35 35 36 36 36 36
3.2 32 3z 32 32 33 33 33 2 34 39
3.3 30 30 30 31 31 31 31 31 31 32
3.4 28 28 29 29 29 238 29 30 30 30
3.5 a7 27 27 27 28 238 28 28 28 28
3.6 26 26 26 26 a6 27 27 cird g ev
3.7 25 25 23 25 25 25 26 28 2 26
3.8 =L 24 24 24 25 25 25 23 25 25
3.3 23 23 24 24 24 24 24 24 24 24
4.9 23 23 23 23 23 23 23 23 23 23

Mater ial Parameters Used: Thermal Diffusivity = 0.147 [cmt2.s1

Mace Dencsity = 7.833 [g/cmt31]
Thermal Conductivity=0.54[W cm-deg.C1
33




S e o e e e e e e e R
|

|
|
P
:

21

[31

t4a3

£S13

gl

71

[33

1101

REFERENCES

Lin, M.L. and T.W. Eager, "Influence of Arc
Pressure on lleld Pool Gecmetry,"* THE WELODING
JOQURNARL , v.E4 (6>, June 1385, Rescearch
Suprplement, pp 163-5 to 163-~-c.

Amer ican Weldine Srciety, CURRENT WELDING
PROCESSES, ALIS, Neuw Yark, New YorkKk, 1864, pp 23,
6&,

Macutuchi, K., "Metal Transfer in Welding Arcs and
Melting of Electrodes,” Classnotes for ldelding
Engirneering, MIT, Cambridse, MA, rp 2~1 to 3-S7.

Lesnewich, A., “"Control of Melting Rate and Metal
Transfer in Gas-Shielded Metal -Arc llelding Part
1--Contrel of Electrode Melting Rate,"” THE
WELDING JOURNAL, v.37 (8), 1958, Research
Supplement, pp 343-5 to 353-s.

Sanders, N.A., and E. Pfender , "Measurement of
Anode Falls and Anode Heat Transfer in
Atmospheric Pressure High Intensity Arcs,
JOURNAL OF APPLIED PHYSICS, v.S35 <3), February
1384, pp 714-722.

"

Internaticnal Institute of Welding, THE PHYSICS
OF WELDING, 2nd edition, J.F. Lancaster [ed.]1,
Pergamon Precs, Oxford/New Yory¥, 19886, pp 8-46,
146-238.

Lesnewich, A., "Control of Melting Rate and Metal
Transfer in Gas-Shielded Metal -Arc Welding Part
I11--Control of Metal Transfer ., THE UELDING
JOURMAL , v.37 (3>, 1398, Recearch Supplement, pp
3412-5 to 425 -~-=.

Jackeson, C.E., "The 3Science of Arc lWelding," THE
WELDING JOURNAL, v.38 (4,5,868), 1968, Research
Surplement, ep 128-¢ to 14@-¢, 177~ to 188-¢,
225-s to 2390-¢.

Guigley ,M.B.C., P.H. Richards, D.T. Suwift-hook
and AR.E.F. Gick, "Heat Folw to the UWorkKpiece
from a TIG Welding Arc.," JOURNAL OF PHYSICS D@
APPL IED PHYSICS, v.6, 1373, pp 2258-2256.

Oinulescu, H.A., and E. Pfarder, "Analysis cf the
Arncde Boundary Laver of High Intensity Arcs,”
JOurNAL OF APPLIED PHYSICS, v.S51 (6>, 1380, p.

3154,
1ea




(111

(121

[131

(141

(151

(16l

(173

[181

[133

[29]

Christencsen, N., V. Davies and K. Gjermundsen,
"Distribution of Temperatures i1n Arc Welding,*
BRITISH LWELDING JOURNAL, v.12 (2), February
1985, pp S54-75.

Amin, M. and Naseer Ahmed, "Svnergic Control ain
MIG Welding,” THE RESEARCH BULLETIN, v.27 <S),
May 1986, pp 1439-20S5.

Yeo, Ralph, "Put Your Finger on the Pulse of MIG
Welding at WELDEX,* METAL CONSTRUCTION, v.1S
(8), Sertember 1983, rp 20-25.

Fager, T.W. and N.-5. Tsai, "Temperature Fields
Produced by Traveling Distributed Heat Socurces,*
THE LELDING JUURMAL., v .82 (12>, December 1983,
Rezearch Suprlement, pp 346-5 to 355-s.

Esecers, W.G. and R. lalter, "Heat Transfer and
Penetration Mechanisms with GMA and Plasma-GMA
Welding," THE WELDING JOURNAL, v.60 (2>,
February 1881, Research Supplement, pp 37-s to

42-< .,

Mille, G.S., "Fundamental Mechanisms of
Penetration in GTA Welding.," THE WELDING
JOURNAL , ».58 (1), January 1373, Research
Suprlement, pp 21-¢ to 24-s.

Ishizaki, K. "A Mewu Apprcoach toc the Mechanism of
Pernetraticn,” THE WELDING INSTITUTE
INTERNATIONAL CONFERENCE, London, April 15-17,
1888, rp 65-76.

Oreper, G.M., T.W. Eagar and J. Szekely,
"Corivection in Arc UWeld Pools ," THE WELDING
JOURNAL, v.682 (11>, November 1323, Research
Suprlement, pp 307-s to 312-=.

Agapakis, J., "Closed-Locop lWelding fAnalyesis Study,
Arrendix B - Weld Bead Geometry Prediction: A
Rewview of the Current State of the Art," MIT
Technical Rerort No. 3892830 submitted to:
Department of the MNavy, Maval Ocean Systems
Center, September 1883, pp Bi1-B7.

Masubuchi, K., AMALYSIS OF WELDED STRUCTURES,
Pergamcn Press, Oxford, New York, (980, pp 66-73.

Lancaster , J.F., METALLURGY OF WELDING, 3rd

edition, George Allen & Unwin Publishers,
London, 193Q, pp 17-50.

181




e

ta22l

[23)

[2413

[e2sl

[28)

Amer ican Welding Society, WELDING HANDBOOK , 7th
edition, vols. I & II, AWS, Miami, FL, 1876.

Shraerman, M.R., "Nomograms for Determining the
Main Parameters of Multipace lWelding.," UWELDING
PRODUCTION, v.23 “11), November 1982. pp 10-1R2.

Salter, G.R. and J. Dcherty, "Procedure Selection
for Arc lWelding.,” METAL CONSTRUCTION, %.13 (3),
September 1981, pp 20-26.

Chihoeki, R., "The Rationing of Power Between the
GTA and Electrode, ™ VELDING JOURNAL, v .49 &),
February 1970, Recearch Supplement, pp 63-s5 to

32-¢.

“olodziejczak, G.C., "GMAUW Control to tMiriimize
Interference From Tack lield,"” Ph.D. thecsis,
Massachusetts Institute of Technology, June
1887.

Rosenthal, 0., "The Theory of tloving Source of
Heat and Its Application to Metal Treatment,”
TRANSACTIONS ASME, v.43 <11), November 1346, p¢
843-366.







